Mouse strain difference in the radiosensitivity to hematopoietic death is thought to be determined by several factors besides radiosensitivity and the initial number of hematopoietic stem cells. Factors related to the survival of mice exposed to X-irradiation were analyzed using BALB/cHeA and STS/A strains whose LD50130 values differ markedly (BALB/cHeA, 5.55 Gy; STS/A, 8.45 Gy). STS/A mice exposed to 4 Gy of X-irradiation showed a small reduction but rapid recovery of blood cells (leukocytes, erythrocytes, and thrombocytes) when compared with BALB/cHeA mice. The survival of endogenous and exogenous CFU-S was much higher, by a magnitude of one log or more, in STS/A mice than those in BALB/cHeA mice; whereas the initial numbers of femoral CFU-S were similar for the two strains. The recovery of exogenous CFU-S was much more rapid in STS/A mice than it was in BALB/cHeA mice after 4 Gy of X-irradiation. Furthermore, spleen colonies produced by the transfusion of STS/A marrow cells into syngeneic recipients were significantly larger than those produced by BALB/cHeA marrow cells, regardless of whether the mice used for sources of marrow cells had been irradiated. But, there was no such difference when unirradiated marrow cells from the two strains were transfused into (BALB/cHeA X STS/A) F, recipients. These results indicate the possible contribution of a host factor (s) that stimulates the growth of spleen colonies after radiation to the radioresistance of STS / A mice, in addition to the primary effect of higher number of survivals of endogenous and exogenous CFU-S in STS / A mice.
INTRODUCTION
among animal species and between strains of the same species. Although it is generally accepted that the difference in the survival of animals exposed to radiation that induces hematopoietic destruction is determined primarily by radiosensitivity and the initial number of hematopoietic stem cells", the factors related to mouse strain differences have not been definitively determined because of the involvement of factors other than the radiosensitivity of stem cells and their derivatives, as has been suggested by the classic studies on the relationship between the radiosensitivities of colony-forming units in the spleen (CFU-S) and the survival of animals exposed to lethal doses of radiation 2). STS/A mice are extremely resistant to radiation lymphomagenesis, and their thymocytes are resistant to the apoptosis induced by X-irradiation as compared to BALB/cHeA mice3-6) Therefore, we were interested to learn whether STS/A mice exposed to radiation are resistant to the hematopoietic death that is caused by the destruction of lymphoid and hematopoietic systems.
We here show that STS/A mice are extremely resistant to hematopoietic death as compared to BALB/cHeA mice, one of the most radiosensitive strains of mice. Using these two markedly contrasting strains, we studied the factors related to the strain differences in the hematopoietic death of mice.
MATERIALS AND METHODS
Animals: BALB/cHeA and STS/A mice, and their Fl hybrids (CXSFI) were used. The origins of BALB/cHeA and STS/A mice are described elsewhere 3). All the mice used in the experiments were bred in the conventional animal breeding facility, at University of Osaka Prefecture. The animals were kept in a room lighted for 12 h/day that was maintained at a temperature of 24±0.5°C and a relative humidity of 55±5%, and were fed a commercial diet MF, (Oriental Yeast Co. Ltd., Tokyo) and supplied with tap water ad libitum. After exposure to X-irradiation, they were given water acidified with 0.02% HCI.
X-irradiation : X-irradiation was done with an X-ray generator Radioflex 350 (Rigaku Industrial Corp., Japan) operated at 260 kV and 15.5 mA, with added filtration through 0.3 mm copper and 0.5 mm aluminum plates. The half value layer (HVL) of X-rays was equivalent to passage through 0.87 mm copper. Several mice placed in individual plastic chambers on a rotating plate 62 cm from the focus surface were exposed simultaneously to X-irradiation at a dose rate of 0.5 Gy/min. A precision electrometer Model 500 with a #550-5 probe (Victreen Inc. U.S.A.) was used for the dosimetry.
Survival of mice: Six-week-old male BALB/cHeA and STS/A mice were exposed to 5-10 Gy of whole-body X-irradiation, after which mortality was checked daily for 30 days.
Blood cell count: A sample of 10-15 drops of blood was collected from the orbit from which the eye had been excised and placed in a plastic dish containing 10,ul of 8% EDTA-2K as the anticoagulant. Within several minutes of collection, the number of leukocytes, erythrocytes, and thrombocytes were counted with a blood cell counter Sysmex K-1000 (Toa Medical Electronics, Co, Ltd., Japan).
Assay of endogenous CFU-S : Six-week-old male BALB /cHeA and STS / A mice were whole-body irradiated with 5-9 Gy of X-rays. Values for 5 to 8 BALB/cHeA and six to nine STS / A mice were used per point, with the exception of 13 BALB /cHeA mice given 6.5 Gy of X-irradiation. The mice were killed 10 days after irradiation, and their spleens were fixed with Bouin's solution. Colonies present on the surfaces of the spleens were counted under a dissecting microscope (Olympus, Co. Ltd., Japan).
Assay of exogenous CFU-S : The spleen colony assay was done using a modification of the method initially described by Till & McCulloch7 . Six-week-old male BALB/cHeA and STS/A mice exposed to 4 Gy of X-irradiation were the sources of the bone marrow cells. Syngeneic females and CXSFI mice of the same age were lethally irradiated with 6.5 Gy (BALB/cHeA mice) or 9 Gy (STS/A and CXSFI mice) of radiation then used as marrow cell recipients within 2 hours. Marrow cells were collected periodically from both femurs of the 4-Gy-irradiated mice and suspended in 2-5 ml of Krebs-Ringer phosphate buffer (pH 7.2) for injection. The number of nucleated marrow cells injected into the recipients was varied within the range of 6 X 104 to 4 X 106 to obtain less than 20 spleen colonies. The recipients were killed 10 days after injection, and their spleen colonies were counted.
Measurement of colony size: The diameters of spleen colonies formed by the inoculation of BALB/cHeA and STS/A marrow cells to syngeneic or CXSFI recipients were measured with a sliding microcaliper under a dissecting microscope.
Statistical analysis : Statistical significances in the difference of blood cells, femoral CFU-S numbers and colony size were determined with Student's t-test. Values are means±SE, if not otherwise noted.
RESULTS

Survival of mice
Thirty-day survival after graded doses of X-irradiation was examined for 112 BALB /cHeA and 210 STS /A mice. The number of surviving BALB /cHeA mice exposed to 5.00, 5.25, 5.50, and 5.75 Gy of X-rays respectively were 13/14 (93%), 26/29 (90%), 11/23 (48%), and 5/22 (23%). No BALB/cHeA mouse survived 6.00 and 6.50 Gy of X-irradiation (0/16 at 6.00 Gy; 0/ 8 at 6.50 Gy). The surviving STS /A mice irradiated with 7.50, 7.75, 8.00, 8.25, 8.50 and 8.75 Gy respectively were 23/24 (96%), 24/29 (83%), 26/30 (87%), 18/29 (62%), 18/40 (45%), and 10/ 27 (37%). Al the STS/A mice exposed to 9.00 and 10.00 Gy of X-irradiation died within 30 days; respectively 0/26 and 0/5. Except for three instances among the STS / A mice exposed to 9.00 and 10.00 Gy of radiation, all the deaths occurred 10 or more days after irradiation, evidence that most of the X-irradiated animals died because of hematopoietic destruction. The percents of survival plotted on a probit scale against the log dose are shown in Fig. 1 . The respective LD50130 values for BALB/cHeA and STS/A mice obtained from the curves were 5.55 ± 0.23 (± SD) and 8.45 ± 0.50 (± SD) Gy. The difference in the two values was nearly 3 Gy, indicating that the STS/A mice were much more resistant to hematopoietic death than the BALB/cHeA mice. 
Blood cell count after 4 Gy of X-irradiation
Changes in the number of blood leukocytes, erythrocytes, and thrombocytes were examined in BALB /cHeA and STS / A mice exposed to a single, sublethal dose (4 Gy) of X-irradiation . The results are given in Fig. 2A , B, and C. In both strains, leukocytes were at a minimum 3 days after irradiation, but recovery of the leukocyte number was more rapid for STS/A mice than for BALB/cHeA mice ( Fig. 2A) . On the 21st day after X-irradiation, the leukocyte number was only 36% of the initial value for BALB/cHeA mice; whereas STS/A mice showed marked recovery that was nearly normal (90%). Erythrocytes in the BALB /cHeA mice showed a small , but significant, decrease from normal on days 12 and 14 after irradiation (P<0 .025), but there was decrease in the number of erythrocytes in the STS/A mice (Fig. 213) . Thrombocytes in BALB/cHeA mice decreased continuously and reached a minimum (approximately 10% of normal) 10 days after irradiation (Fig. 2C) , and recovery to nearly normal required 21 days . In STS/A mice, the number of thrombocytes ceased to decrease at about 50% of normal 7 days after irradiation, and full recovery was attained 12 days after irradiation.
Survival of endogenous CFU-S
We examined the survival of endogenous CFU-S in BALB /cHeA and STS / A mice exposed to 5-9 Gy of whole-body X-irradiation. The data are plotted on a log scale against the X-ray dose (Fig. 3) . A comparison of the X-ray dose required to induce 1 colony/spleen shows that it was 1.4-fold higher in STS/A than in BALB/cHeA mice. In other words , the number of endogenous CFU-S surviving in STS/A mice was 10-fold that in BALB/cHeA mice at 6 .5 Gy of X-irradiation as seen by extrapolation of the survival curve for endogenous CFU-S .
Kinetics of the reduction and recovery of femoral CFU-S after 4 Gy of X-irradiation
The results of the kinetics of the reduction and recovery of the number of femoral CFU-S in BALB/cHeA and STS/A mice after 4 Gy of X-irradiation are shown in Fig. 4 . The original values were 3,384±208 (n=10) for BALB/cHeA mice and 3,096±190 (n=10) for STS /A mice, showing that there was no significant strain difference in the initial number of femoral CFU-S (P>0.1). In the BALB/cHeA mice, this number had dropped to approximately 0.1% of the unirradiated control 24 hours after X-irradiation, whereas in STS/ A mice, it was at a level one log higher. STS / A mice showed full recovery of the femoral CFU-S number by the 10th day after irradiation. In contrast, the recovery of femoral CFU-S in BALB/cHeA mice was only 67% of normal 21 days after irradiation. Size distribution of the spleen colonies Because the spleen colonies of the STS / A mice were much larger than those of the BALB / cHeA mice, we measured the diameters of exogenous spleen colonies that developed after injection of marrow cells taken from mice 14 days after 4 Gy of X-irradiation in order to assess hematopoiesis activity. The respective number of BALB /cHeA and STS / A colonies per spleen ranged from 10 to 19 and 10 to 24. A total of 76 BALB/cHeA and 111 STS/A colonies were examined. The results are shown as histograms of the percent incidence in Fig. 5 . As more than 97% of the irradiated BALB/cHeA colonies were less than 1.5 mm in diameter, the histogram is biased to the small end, the mode being in the 0.50-0.99 mm diameter class. In contrast, the histogram for the irradiated STS/A colonies shows a wide distribution with the mode in the We also compared the sizes of the spleen colonies formed after inoculation of BALB/cHeA and STS/A marrow cells that had been collected 24 hours after 4 Gy of X-irradiation. The number of colonies per mouse spleen ranged from 1 to 8 for BALB/cHeA mice and from 12 to 17 for STS/A ones. The mean colony diameters were 1.00±0.05 mm (BALB/cHeA, n=21) and 1.66±0.08 mm (STS/A, n=29), patterns similar to those of the histograms in Fig. 5 (histograms  not shown) .
The sizes of spleen cell colonies produced in syngeneic recipients by the injection of bone marrow cells from unirradiated BALB/cHeA and STS/A mice were examined. A total of 79 spleen colonies were examined for BALB/cHeA mice and 85 for STS/A mice, ranging from 11 to 19 per mouse spleen. Histograms are shown in Fig. 6 . More than 70% of the BALB/cHeA colonies were smaller than 1.50 mm; whereas the STS/A colonies showed a wide distribution of diameters of more than 1.50 mm (Fig. 6) . The respective mean diameters of the unirradiated BALB/cHeA and STS/A colonies were 1.23±0.04 mm (n=79) and 1.62±0.06 mm (n=85). A significant strain difference also was present for colony size in the unirradiated mice (P<0.0005).
When the recipients were CXSFI mice, the unirradiated BALB/cHeA and STS/A marrow cells respectively developed 12-20 and 18-30 spleen colonies. BALB/cHeA colonies had a mean diameter of 1.49±0.05 mm (n = 89), a significant increase in size, as compared to the unirradi ated BALB/cHeA colonies in the syngeneic recipients (P<0.0005) (Fig. 7) . In contrast , the mean diameter of the unirradiated STS/A colonies was 1.51±0.04 mm (n=120) for the CXSFI recipients. This was not significantly different from the STS/A colony size in the syngeneic recipients (P>0.1). The difference recognized between the colony sizes in BALB/cHeA and STS/A mice in the syngeneic recipients was not present in the CXSFI recipients (P>0.25). analogues show remarkable recovery of hematopoietis as compared with dying animals given no treatment before or after irradiation11-13) Although the initial leukocyte and thrombocyte levels in the blood were lower in STS/A mice than in BALB/cHeA mice, STS/A mice showed remarkable recovery of blood cells after irradiation. In general, the recovery of blood cell numbers in irradiated animals depends on the survival of stem cells and their derivatives. The number of endogenous and exogenous CFU-Ss surviving in STS/A mice were both much higher than in BALB/cHeA mice, and the recovery of exogenous CFU-S in STS/A mice was more than in BALB/cHeA mice, despite of the similarity of the initial levels of femoral CFU-Ss for the two strains. These results suggest that the resistance of STS/A mice to hematopoietic death primarily is due to higher survival rather than the initial number of CFU-Ss. The diminution of spleen colony size that occurs with increasing doses of radiation is attributed to residual damage present in CFU-Ss after radiation14,15> In the syngeneic recipients, the spleen colonies produced by STS/A marrow cells were significantly larger than those formed by BALB/cHeA marrow cells, whether or not the mice used for the marrow cell source had been irradiated. This indicates that there is a significant strain difference in hematopoietic activity and suggests the presence of another factor (s) that contributes to the radioresistance of STS/A mice. The transfusion of unirradiated marrow cells from BALB/cHeA and STS/A mice to CXSFI recipients produced numbers and sizes of spleen colonies similar to those formed by unirradiated STS / A marrow cells in syngeneic recipients. The transfusion of marrow cells to CXSFI mice from the parental strains that differ in H-2 haplotype (BALB/cHeA: d, STS/A: dx) 16) may have caused hybrid resistance [17] [18] [19] [20] and have produced spleen colonies inefficiently (diminution of colony number and size). This effect, however, seems to have been minimal in this H-2 combination.
Ours is the first report to show the presence of a host factor (s) that stimulates the growth of spleen colonies in radioresistant STS/A mice. The nature of this host factor (s), which may contribute to the radioresistance of STS/A mice, has now to be elucidated.
